There is an increased interest in recycling valuable waste materials for usage in procedures with high added values. Silica microparticles are involved in the processes of catalysis, separation, immobilization of complexants, biologically active compounds, and different nanospecies, responding to restrictive requirements for selectivity of various chemical and biochemical processes. This paper presents the surface modification of accessible and dimensionally controlled recycled silica microfiber with titanium dioxide. Strong base species in organic solvents: methoxide, ethoxide, propoxide, and potassium butoxide in corresponding alcohol, activated the glass microfibres with 12-13 µm diameter. In the photo-oxidation process of a toxic micro-pollutant, cyclophosphamide, the new composite material successfully proved photocatalytic effectiveness. The present work fulfills simultaneously two specific objectives related to the efforts directed towards a sustainable environment and circular economy: recycling of optical glass microfibers resulted as waste from the industry, and their usage for the photooxidation of highly toxic emerging micro-pollutants.
The action mechanism of cyclophosphamide, according to Figure 1 , can provoke the DNA damage. The alkylating drug bio-action is triggered by P450 cytochrome when results 4-hydroxyl cyclophosphamide. Following a ring-opening reaction, the metabolically activated cyclophosphamide will further generate the aldophosphamide, which forms the phosphoramide mustard (active metabolite) and acrolein 25 . The cyclophosphamide's metabolite, phosphoramide mustard, presents anticancer activity despite its toxicity. The cytotoxic activity is due to the protein and DNA alkylation generated by the cyclophosphamide reactive metabolites 26 . The activated metabolites, as shown in Figure 1 , act on both healthy and cancerous cells.
In Figure 1 , there is signaled the formation of reactive oxygen species (ROS). The action of either some cytochrome or mitochondria -mitochondrial pathway could explain the ROS presence. When the oxidative forces imbalanced the antioxidant system action of the body, oxidative stress occurs. Such a detrimental body state is due to the presence of free radicals generated by the reactive oxygen metabolites. In vivo, oxygen molecules are reduced, forming highly reactive oxygen species as hydrogen peroxide, superoxide radical, or alkoxyl radicals, among others. In the case of excess production of such highly reactive and unstable radicals, the body antioxidant defense mechanism is overwhelmed by the reactive oxygen species presence and the oxidative stress occurs 27 . The reactive oxygen species' accumulation could initiate cell apoptosis. As a consequence, the usage of cyclophosphamide was proved to generate oxidative stress, finally inducing cell apoptosis 26 .
Therefore, being a hazardous drug, cyclophosphamide has to be removed from any water, as it considered to be a toxic micro-pollutant due to its adverse effects on human health through the drinking water 28 and wastewaters 29 . This micro-pollutant is mainly present in wastewaters due to the resulting industrial used waters from the organic synthesis of the cytostatic drugs where could be identified the cyclophosphamide's specific active principles. The patients treated with cyclophosphamide release through the biological fluids (urine) either the drug metabolites, either a part of the untransformed cytostatic drug. Therefore, a second important pollution source is represented by the discharged wastewaters from the oncological treatment clinics. The currently applied treatments of the industrial and clinical resulting wastewaters suppose the application of different physical and chemical processes, such as adsorption, chemical and UV oxidation 30 , membrane separations, flocculation, biodegradation 31 , which are costly and do not provide a specific efficiency for reducing the cyclophosphamide concentration to the legally imposed levels -less than 1 µg/dm 3 .
The conventional method applied, the ozonation, inactivates the cyclophosphamide quite slowly, its destruction taking place in time. In consequence, such cytostatic drug and its metabolites could remain in surface or ground waters, and from there, they could be found in drinking water. Experimental data showed that about 10 g cyclophosphamide intake during 3-6 months rise by 1.5 factor the environmental risk, while the threshold level based on a risk assessment data for active carcinogenic compounds is 10 ng/L 32 . Selective determinations highlighted that through drinking water, there is a possible intake lifetime risk of 10 -5 or less than 10 −6 33 . However, as mentioned above, not always the cyclophosphamide could be efficiently biodegraded. In such a context, it is of utmost importance to develop affordable technologies for limiting and reducing the presence of cyclophosphamide into wastewaters 34 .
Although the synthesis of silicon dioxide in various geometric forms has been extensively studied and available technical solutions have been found at industrial scale 35 , some economic aspects determined in particular by the high energy consumption and the environmental protection remain a significant challenge. The specific case www.nature.com/scientificreports www.nature.com/scientificreports/ of using silicon dioxide as support in titanium dioxide composites raises the problem of obtaining the silicon in the predetermined form under economically favorable conditions and, if possible, also protecting the environment. For reproducible silica geometrically shaped, we could consider as reliable and abundant source the optical glass fibers manufacturing industry. The European, US, and Asia-Pacific markets for glass fiber increased tremendously during the last years. For instance, the forecast for 2023 of the specific European market is 2.1 billion USD, with an annual growth rate increasing by 2.8% compared with the 2018 glass fiber production 36 . Also, the actual trend of the global glass fiber's market points toward an annual growth rate exceeding 4% for the period 2019 to 2024 37 . Such significant development of the glass fiber industry raises environmental concerns related to the glass fibers' waste disposal. Recycling supposes to transform the glass fiber waste into a new product suitable for returning into the economic mainstream and being financially viable in order to implement the proposed procedure. For instance, the environmental legislation, as is the European Union Directive 2008/98/EC set high targets for recycling techniques 29 . The efforts to develop new recycling methods are welcome, much more if such an applied process would allow environmental applications instead of the environmental burden represented by the glass fiber waste. Recognizing the global production level of 325 million fiber kilometers for 2018 36 , the level of waste resulting from cutting the fibers to a preset size became important.
Seeking for a clean environment, the balance between the environment's protection and manufacturing industry, became a strategic aim. Thus, our research circumscribes to sustained efforts to find viable solutions for ecosystem protection.
In this paper, we propose to re-use silica microfibers (quartz) -a valuable waste from the optical glass fibers industrial facilities, as support material for titanium dioxide to obtain a composite material through the sol-gel method: silica microfibers with adherent titanium dioxide deposits. The efficiency of new composite material has been tested in the photo-oxidation process of cyclophosphamide in the effort to develop an appropriate method for degrading the cyclic amides with carcinogenic, genotoxic, or mutagenic potential. A new heterogeneous (SiO 2 -TiO 2 -UV irradiation) treatment solution is welcome, taking into account the imposed limit under 1 µg/L in discharged wastewaters from the drug synthesis industries or cancer treatment clinics for such anticancer drugs.
Results
Complex characterization of quartz fibers decorated with TiO 2 . Morphological and structural analysis of SiO 2 microfibers decorated with nanoTiO 2 particles. The quartz microfibers used in this study represent a technical-economically accessible source being a by-product of the silica fiber industry whose use for obtaining advanced materials dedicated to various physicochemical processes: selective separations, controlled adsorption, combustion cells or photo-oxidation reactors would be a niche of valorization. The studied silica microfibrils have a morphology (as shown in Supplementary Material -Figure S.1.) constant and ideal for use as a support for active or selective materials as adsorbents or catalysts. The scanning electron microscopy put in evidence the smooth surface of microfibrils with 12-13 μm diameter and 100 μm length. Also, the EDX analysis presented in Supplementary Material -Figure S.2, evidenced for the silica microfibrils a controlled composition.
The grafting of titanium dioxide microparticles on silica microfibers was carried out by in situ titanium dioxide generation through the sol-gel method in alcohol and using the appropriate titanates: tetramethoxy-, tetraethoxy-, tetrapropoxy-and tetra-butylated titanate.
In Figure 2 are presented the morphological features of the quartz microfibers decorated with titanium dioxide resulting from the tetra-butyl-titanate -tert-butyl alcohol couple. The grafted titania presented dimensions of 1-3.5 μm, while the microfibres diameters are slowly increasing towards 14 μm (Figure 2a ).
The EDX spectrum, Figure 2b , highlights the composition of the nanostructured microparticles deposited onto silica microfibers. The diagram puts in evidence the presence of titanium dioxide. Figure 2c displays the XRD pattern of the titanium dioxide that decorates the silica microfibrils. The X-rays diffractogram highlights the presence of a mixed-phase for nanotitania, being recorded the characteristic peaks for two structural forms of TiO 2 , namely: anatase and rutile. Applying the calculation relationship (Eq. 3) for particle dimension, it resulted in the average values for anatase (24 nm) and rutile (29 nm) crystallites.
The elemental mapping, Figure 2d , for the silica microfiber decorated with TiO 2 evidencied the presence of Ti, Si, and O, as well as the C element. The recorded presence of carbon could be explained by the retention within the material pores and interstices traces of the organic material used during the synthesis stage, although the thorough washing of the obtained material was appropriately performed.
The percentual content in anatase and rutile phases of the titania crystalline nanoparticles was estimated from the XRD pattern ( Figure 2c ) by the help of the Eqs. (4) and (5) . The calculated values indicated the content of 30.8% anatase and 68.9% rutile for the mixed-phase.
The other tetraalcoxy titanate -alcohol systems considered, lead to the formation of titanium oxide as non-adherent nanoparticles (Figure 3a UV-Vis -Differential reflectance spectroscopy (DRS) of SiO 2 microfibers decorated with nanoTiO 2 particles. The DRS spectra for the TiO 2 grafted on silica microfiber, nanotitania Degussa P25 (as reference), and initial silica microfiber are presented in Figure 4a .
According to the spectra from Figure 4a the cut-off values obtained were 408 nm for quartz fibers decorated with TiO 2 , and 385 nm for the silica microfiber. When the system absorbs radiation with an energy exceeding the band gap of the material, the transfer of electrons from the valence band into the conduction band becomes possible. In Figure 4b it is presented the variation of F R h ( ( ) ) 2 υ ⋅ versus E(eV) for the direct electronic transition. For studied samples: quartz fibers decorated with TiO 2 , silica microfiber, and nanotitania Degussa P25, the band gaps were obtained by extrapolating the linear section to the E axis. The silica microfibers grafted with nanotitania activated with 408 nm radiation showed a band gap of 3.37 eV. This value is lower compared with the band gap values recorded for silica microfiber, 3.61 eV, and TiO 2 Degussa P25, 3.43 eV. The latest band gap values are higher than the value characterizing the obtained material. Therefore, we could consider that the obtained quartz fibers decorated with TiO 2 present a higher degree of crystallinity, and, as a consequence, an improved photocatalytic activity is expected.
Electrokinetic characteristics of SiO 2 microfibers decorated with nanoTiO 2 particles. When used a certain material in suspension, due to the random movement of the particles, it could aggregate if the repulsive forces are not sufficient. The repulsive forces between particles increase as zeta potential increases. In consequence, zeta potentials allow assessing the stability of a given system. The distribution of potential zeta for the quartz fibers decorated with TiO 2 is presented in Figure 4c . The diagram shows that the obtained material has a zeta potential of 22.0 mV. In Supplementary Material, Figure S .4 presents the variation of zeta potential with the pH change for quartz fibers decorated with TiO 2 . The iso-electric point (IEP) for the studied material calculated from the recorded experimental data was IEP SiO2-TiO2 = 2.6. Also, the zeta potential is particle-size dependent. Figure 4d presents the particle size distribution. The size distribution by volume is introduced in Supplementary Material Figure S.5. According to literature, the photocatalytic activity of nano-TiO 2 depends on the particle size for the same particle surface area 38 . Therefore, it is expected a similar dependence for the silica microfiber -nano-TiO 2 composite. The average diameter was ranging between 185.5 nm to 4836 nm underlying the specific deposition of nanotitania onto silica when the nanoparticles agglomerates, forming a nanostructured decoration.
Brunauer-Emmett-Teller (BET) analysis of SiO 2 microfibers decorated with nanoTiO 2 particles. Figure 5 depicts the N 2 adsorption/desorption type IV isotherm and pores size distribution. In Figure 5a , the isotherm describing the material behavior presents a hysteresis loop. The determined surface area was 101.62 ± 1.38 m²/g, while the pores volume was 0.036 cm³/g. Figure 5b displays the pore size distribution of the obtained material. From the distribution curve, it was determined the average dimension of pores -2.90 nm.
The surface structure of silica microfibers decorated with nano-TiO 2 . The XPS probed the chemical composition of the grafted silica microfibers, Figure 6 . The surface analysis of the SiO 2 microfiber grafted with nano-TiO 2 could be explained by the balance between the relatively hydrophobic surface of TiO 2 and the hydrophilic nature of the conditioned SiO 2 surface when OH − amount increased 39 . The presence of the Ti peak on XPS spectra sustains the grafting of TiO 2 nanoparticles on the silica microfibers surface. It was observed that the specific Si peaks became weaker, proving the covering of the microfiber. The carbon C1s presence was due to the synthesis pathway.
The surface of silica microfiber was hydrolyzed, thus being covered with hydroxyl groups, and favoring the titania nanoparticles grafting. The Si atoms are involved in the formation of Si-O-Ti bond, and due to the preferential transfer of electrons from Ti to O, it resulted in larger electron densities for Si. As a consequence, the grafting of the titania nanoparticles leads to a decrease of Si2p binding energy. Much more, at the interface, there is an indication that a bond between Ti and Si was formed, rather than physical adsorption.
Determination of the catalytic characteristics of silica microfibers decorated with TiO 2 .
In order to determine the photocatalytic properties of the silica microfibers grafted with TiO 2 , there was followed up the effect of significant factors on the photodegradation of the cytostatic drug. Key parameters in photocatalysis that were investigated in this study are the catalyst quantity loaded, initial concentration of the analyte, and the influence of irradiation time.
Effect of catalyst amount. For establishing the appropriate catalyst amount, herein quartz fibers decorated with titanium dioxide, it has been followed up the degradation rate for CP versus the catalyst dose for 30 min irradiation (UV) and considering a CP concentration of 7.25 × 10 −5 mol/L. The variation of CP's degradation rate with the increase of the catalyst amount -silica decorated microfibers, is presented in Supplementary Material-Figure S.7.
Effect of irradiation time. The effect of irradiation time was studied following the photocatalytic behavior of [SiO 2 -TiO 2 ] and TiO 2 Degussa P25 over a 30-240 min. range. The dose of the catalyst in both cases was 100 mg/L. Figure 7 introduces the obtained experimental results related to the variation of normalized CP residual concentration with irradiation time.
Effect of initial CP concentration. Table 1 contains the data related to the influence of CP's initial concentration upon the photodegradation efficiency. Irradiation time was set to 30 minutes, while the dose of the catalyst [SiO 2 -TiO 2 ] was 100 mg/L.
Applying the specific reaction rate equation, the obtained data allowed to model the photochemical system behavior through Langmuir -Hinshelwood kinetic. www.nature.com/scientificreports www.nature.com/scientificreports/ For grafting the TiO 2 onto the silica microfibers' surface, as presented in Section "Procedure for preparing quartz fibers decorated with TiO 2 " , there were four systems considered: tetramethoxy-titanate/methyl alcohol, tetraethoxy-titanate/ethyl alcohol, tetrapropoxy titanate propyl alcohol, and tert-butylate titanate/tert-butyl www.nature.com/scientificreports www.nature.com/scientificreports/ alcohol. The tert-butylated-titanate/ tert-butyl-alcohol couple was the only system that resulted in adherent grafting and relatively well-distributed titanium dioxide onto the surface of quartz microfibers ( Figure 2 ). As shown in Figure 2a , the quartz microfibres dimension increased towards 14 μm due to the formation of titania nanostructured microparticles of 1-3.5 μm over the smooth silica surface.
Discussions

Morphological and structural analysis of SiO
The EDX analysis performed on the decorated silica microfibers (Figure 2b ) confirmed the formation of titania onto the quartz surface. The XRD analysis showed that from the structural point of view, the titania decoration covering the silica microfibres consists of two forms: anatase and rutile ( Figure 2c ). The titania nanoparticles are presenting the calculated dimensions of 29 nm (anatase phase) and 33 nm (rutile phase) agglomerate to form microparticles, as evidenced by SEM images (Figure 2a ).
Based on the specific properties of each structural phase of TiO 2 , there are particular applications like UV filters and photocatalyst for anatase form or materials with magnetic properties and catalyst for rutile form. It is expected that the obtained SiO 2 -nanoTiO 2 hybrid material to potentially act as active photocatalyst. The XRD analysis results show the presence of both phases: anatase and rutile wrapping the silica microfibres. Therefore, it was necessary to calculate the ratio between the two structural forms. The higher content of the rutile phase, 68.9%, provided higher stability to the composite system obtained. The presence of both TiO 2 phases could enhance photocatalytic activity. It is known the better photocatalytic behavior of anatase variety. However, the rutile nanoparticles added to anatase nanoparticles could improve the hydroxyl groups' discharge and the electron transfer 40 and in consequence, the photocatalytic activity.
The other three systems considered for synthesis, tetra-alcoxytitanat -alcohol (see The first mass loss of 2.98% occurred from the ambient temperature to 175 °C can be attributed to the removal of water molecules (or another volatile solvent) and weakly -OH linked groups to the particle's surface 41, 42 .
In the 175-340 °C range, the oxidative degradation occurred, and the sample lost 3.77% of its weight. The exothermic effect produced during the thermal process had a maximum decomposition rate at 280.2 °C and an area of 232.5 J/g. Most likely, the burning of some organic precursor residues used in synthesis caused this thermal degradation ( Figure S.3.b ).
The last slow weight loss (0.95% in the range 340-480 °C and a 1.13% residue to 900 °C) occurs due to the thermolysis of the amorphous carbon traces remaining from the oxidative degradation. Also, a slight exothermic effect from 340 to 465 °C, with a maximum at 415.3 °C, and an area of 34.61 J/g was recorded. This is caused both by the slow oxidation of carbon and the transformation of the anatase into rutile phase 43 . The last phase change is presented in the literature ranging between 350 and 1175 °C depending on the synthesis method, the nanoparticle size, or the presence of impurities 43 .
Electrokinetic studies. Modifications of zeta potential are generated by adsorption, ionization, or exchanges of chemical species. Thus, when zeta potential (ξ) decreases (its module), then the system is characterized through a high ionic strength, signifying that a significant number of charge carriers are present. In general, when pH decreases, the surface charge becomes more positive, while the pH increase dictates a more negative charge. It is known that when immersing oxides in aqueous solution, the hydroxyl groups of the metallic cations are not altered if the solution has the pH value at the isoelectric point (IEP) of respective oxide. In our case, the IEP for TiO 2 was 4.2 mV, and for silica, microfiber is 2.4 mV. As shown in Supplementary Material Figure S.4. for the obtained quartz fibers decorated with nanoTiO 2, the value of IEP is 2.6 mV. The experimental work was performed at a pH value higher than IEP, in a basic media for synthesis, and towards neutral during the photocatalytic processes.
In consequence, the hydroxyl group on the surface will dissociate, imparting a negative charge to the surface of the quartz microfibers decorated with TiO 2 due to the formation of TiO − and SiO − species. The nature of the surface hydroxyl from the silica microfibers decorated with the TiO 2 surface is an essential factor in the photocatalytic process. However, the IEP value is low compared with the values reported in the literature 38 . As our material has an IEP lower than 7, it has an acidic character. A higher value for zeta potential could secure a stable suspension, while a low value (<10 mV) leads to particle association and instability. For the silica microfibers decorated with TiO 2, the value of zeta potential was 22 mV. As a high value for ξ assure a maximum dissociation of the functional groups located on surface and particle dispersion, it is expected for the synthesized composite to have a well-dispersed suspension and the surface chemical species will be readily dissociated.
BET analysis of SiO 2 microfibers decorated with nanoTiO 2 particles. The BET analysis resulted in a type IV isotherm, Figure 5a , that is specific for porous adsorbents with pores in the area of mesopores and macropores, covering the range of 1.5-100 nm. According to the shape of the hysteresis loop, the system exhibits an H4 type isotherm, when the two branches of the loop are almost parallel and horizontal over an extended range of relative pressure, and the geometry of the pore is similar to a narrow slit-shaped structure.
The mesostructured pores appeared from the nanotitania deposition onto the quartz microfibers when voids were formed. In general, an improved photocatalytic activity is conditioned by the high surface area (101.62 ± 1.38 m²/g) and pore volume.
UV-Vis-DRS analysis.
The results of DRS analysis for silica microfibers grafted with nanotitania highlighted a band gap of 3.37 eV. Such band gap values could be associated with the crystalline characteristics of the material 44, 45 Scientific RepoRtS | (2020) 10:136 | https://doi.org/10.1038/s41598-019-56836-7
www.nature.com/scientificreports www.nature.com/scientificreports/ that are in good agreement with the X-Ray diffractogram, Figure 2c . When grafting the TiO 2 nanoparticles onto the silica microfibers, for the chemical process: + +  an excess of the aqueous solution was used, exceeding the stoichiometric ratio. This situation leads to a nucleophilic reaction between the OH − (from water molecules) and OR − (from alkoxide molecules), thus lowering the possibility to have non hydrolyzed OR − and in consequence, the crystallization of titania is favored.
The titanium oxide variety, rutile, allows a straightforward promotion of electrons from the valance band to the rutile conduction band when exposed to UV excitation, but rapid electron-hole pair recombination accompanies the process. Following the combined processes, there are limited charge carriers that could be involved in various photoreactions occurring at the surface level of the oxide. On the other hand, anatase variety that behaves like an indirect band gap semiconductor allows the generation of more holes and electrons available for photoreactions. In consequence, rutile is not very efficient as a catalyst compared to anatase that presents a substantial amount of electrons and holes reaching its surface. However, there should be specified that such consideration does not take into account any influence of the surface area.
The titania immobilized onto the silica microfibers obtained during this work, present both TiO 2 varieties forming a type II heterojunction photocatalyst 40 . Therefore, specific anatase-rutile heterojunctions are present when the rapid mass transfer occurs, and the separation efficacy of hole-electron is satisfactory. Based on the specific values of the conduction and valence band potentials, the obtained composition of the grafted titanium oxide allows a two-way charge displacement between anatase and rutile: the generated holes migrate between the valence bands from anatase towards rutile, and the photo-excited electrons move between the conduction bands from rutile into anatase. These charge migrations generate an increase of the electrons and holes that could improve the overall behavior as photocatalyst 12 . As discussed previously, the titanium oxide photocatalyst proved to be efficient in the treatment of wastewater pollutants. The extended applicability of nano-TiO 2 as photocatalyst is limited due to the rapid recombination of electron-hole pair and a large band gap 44 . In the context of the efforts to overcome these drawbacks, the obtained quartz fibers decorated with TiO 2 presents a lower band gap, thus enhancing the photocatalytic activity. In the obtained material, the electrons flux occurs from the conditioned SiO 2 microfiber characterized by a higher band gap (3.61 eV) towards the intrinsically n-type semiconductor TiO 2 that has a lower value of band gap (3.43 eV).
XPS studies. The electron density of a chemical species influences the value of its binding energy. A decrease in binding energy implies a higher electron density. As presented in Figure 6 , the Ti 2p biding energy for SiO 2 microfiber-covered with nano-TiO 2 decreased to 458.0 eV compared with the literature data 46 . The binding energy indicates a change in the chemical environment and an increase of electron densities at the Ti level. In literature has been reported an increase of the Ti2p binding energy for silica microfibers grafted with TiO 2 46 . The formed Ti-O-Si bond involves the electrons transfer from Ti and Si towards oxygen, and taking into account that Si supplies fewer electrons than Ti, the electron densities level will decrease due to its electrons transfer towards oxygen 46 . The different behavior of our SiO 2 -TiO 2 system is due to the distinct synthesis method applied. We could consider that we have predominant Ti-O-Ti bonds. Taking into account that the XPS analysis can provide information about the surface top layers (10 nm depth), and we do not have a thin film deposition of nanotitania, but microparticles nanostructured as resulted from scanning electron microscopy, it means that the detected presence of Si was possible due to incomplete coverage of the silica microfiber with titania nanoparticles. Therefore, to a certain extent, it could be assumed that in any area of SiO 2 microfiber -nano TiO 2 composite surface, only SiO 2 or TiO 2 brings its contribution to the XPS spectrum.
The XPS spectra ( Figure 6 ) displays the shift of the Si 4+ peak towards lower binding energy (102.0 eV) compared to the bulk SiO 2 (103.3 eV) 47 . This shift of the SiO 2 surface binding energy could be assigned to the lower binding energy of the Si placed at the interface during the TiO 2 grafting onto SiO 2 , and to the formation of Ti-O-Si bond replacing Si-O-Si bond. Although the binding energies for Ti2p peaks put in evidence that the titanium is in its Ti 4+ state, there is a shift towards lower binding energies from the characteristic value for Ti 4+ / TiO 2 bulk of 458.5 eV 47 to 458.0 eV for Ti2p 3/2 , while the peak for Ti2p 1/2 is placed at 463.4 eV 44, 48 . Also, the O1s peak was shifted to lower values, with a maximum at 529.5 eV following an increased negative charge density at O level partially due to a higher degree of covalence of Si-O bond compared to the ionic character of Ti-O bond 48 .
The reduced decrease in the binding energy value for Ti2p 3/2 sustains the presence of titanium in its Ti 4+ state 49 . The characteristic Ti2p spin-orbit splitting structure, with a 5.4 eV separation between peaks, was highlighted in Supplementary Material, Figure S6b The specific signal for O1s resulted from overlapping the specific bands for both oxides and hydroxyl as well ( Supplementary Material, Figure S6a) . The values characteristic for the binding energy for O1s in SiO 2 (533.0 eV) and TiO 2 (529.9 eV), as well as the contribution of OH − (531.0 eV), are also well shifted towards lower binding energies, respectively to 529.5 eV for TiO 2 O1s and 530.0 eV for OH − O1s. The exhibited O1s peaks could be ascribed to the surface OH (530.0 eV) and the O 2− species of titania (529.5 eV). The success of the material as photocatalyst depends on the reactivity, chemical state, and hydroxyl groups.
Also, we should notice the presence of the C1s signal (at 285.0 eV) corresponding to the C-O in alcohol, signifying that the material morphological structure allowed the accommodation of some traces of organic alcohols used during the material synthesis, although thorough wash of the material was performed. www.nature.com/scientificreports www.nature.com/scientificreports/ For the surface ratio of O, Ti, and Si calculated as [A O /(A Ti + A Si )] from XPS data, it was obtained 1.53. It has been reported that for a ratio smaller than 2.00, the surface presents oxygen vacancies 50 . The presence of oxygen vacancies generates defects able to act as a trap for holes 51 . In consequence, the holes and excited electrons recombination is limited, implying an improved charge transfer.
Photocatalytic characteristics of silica microfibers decorated with TiO 2 . As shown in section dedicated to the "Effect of catalyst amount, " it could be followed-up the variation of cyclophosphamide (CP) degradation rate with the catalyst dose for an initial CP concentration of 7.25 × 10 −5 M, and an irradiation time of 30 min -see Supplementary Material, Figure S However, a further increase of catalyst amount led to the decrease of reaction rate due to the light scattering effect with a negative impact on photoexcitation efficiency and, therefore, on the CP degradation rate. This trend was also observed in previous studies on CP photocatalytic degradation 52 when there was an optimum catalyst amount established at 100 mg/L. The optimum catalyst dose assures a CP degradation of 41.5% after 30 min of irradiation.
The behavior of silica microfibers decorated with TiO 2 was followed up by comparison with the known catalyst TiO 2 Degussa P25, when equal catalyst doses have been used, namely 100 mg/L. The experimental results, normalized CP residual concentration with irradiation time, presented in Figure 7 , were obtained for 30-240 min irradiation time. It has been proved that prolonged irradiation time has a positive effect on CP degradation efficiency. In the case of SiO 2 -TiO 2 catalyst, a CP degradation efficiency of 96.99% was obtained after 30 minutes of irradiation for an initial CP concentration of 7.25 × 10 −5 M. The determined value is satisfactory compared with CP degradation efficiency of 99.04% obtained when the same catalyst dose of TiO 2 Degussa P25 was used in similar experimental conditions. The fact that TiO 2 in the SiO 2 -TiO 2 material is in a much lower amount compared with TiO 2 Degussa P25 suggests that SiO 2 -TiO 2 could be a better photocatalyst.
The composite material obtained takes advantage of the silica substrate presenting corrosion protection, excellent mechanical strength, or high thermal stability. In the meantime, the titanium oxide semiconductor can absorb UV radiation to photo-generate electrons, and the corresponding holes that produce hydroxyl radicals when immersed in aqueous solutions. As a consequence, the photocatalytic activity could be improved due to an increased presence of OH•. Taking into account that the OH• could be produced through the chemical reaction between water and a surface highly acidic, it is expected that the obtained composite would absorb significant amounts of hydroxyl radicals compared to the titanium oxide. This behavior is substantiated by the presence of Si-O-Ti bonds that are acidic, thus conferring a high acidic characteristic to the silica microfibers decorated with nanotitania. Therefore, it is expected that the obtained composite material to have improved photochemical activity.
Kinetic curves for CP degradation when using both SiO 2 -TiO 2 and TiO 2 Degussa P25 were linearized using a pseudo-first-order kinetic, and the constant rates in both cases were calculated for an initial CP concentration of 7.25 × 10 −5 M and catalyst dose of 100 mg/L (Supplementary Material - Figure S Further studies followed the influence of CP's initial concentration upon the degradation efficiency (Table 1 ) when the [SiO 2 -TiO 2 ] concentration was 100 mg/L, and the irradiation time applied was 30 min. In the same working conditions, the increase of initial concentration led to the decrease of the degradation efficiency because higher CP levels increase the content of degradation intermediates, which compete with CP for hydroxyl radicals' consumption.
The Langmuir -Hinshelwood kinetic model can describe CP degradation using SiO 2 -TiO 2 catalyst starting from the following reaction rate Eq. (1): The Eq. (2) allows to plot the relationship: 1/r 0 =f(1/[CP] 0 ), as linear dependence, in order to calculate the values for the rate constant k r and adsorption -desorption equilibrium constant K ad . From the linear representation, the intercept gives 1/k r while the slope is 1/k r K ad (Supplementary Material -Figure S.9) .
The adsorption-desorption equilibrium constant K ad was 3698 M −1, and the constant rate k r was 5.10 × 10 −6 M min −1 . By correlating the experimental data with the Langmuir -Hinshelwood equation results that the degradation of adsorbed CP occurs onto the nano-TiO 2 surface where the photogenerated radicals are also adsorbed.
Scientific RepoRtS |
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www.nature.com/scientificreports www.nature.com/scientificreports/ The values of k r and K ad obtained for SiO 2 -TiO 2 photocatalyst are similar to those obtained in our previous works for CP degradation using TiO 2 in anatase form 53 , which suggests that the new material could be a promising and efficient catalyst for CP's degradation.
Generally, when referring to the cyclophosphamide's photooxidation mechanism, it should take into consideration both intermediate and final degradation products (carbon dioxide, ammonium, phosphate, and chloride anion).
In a previous work of our group, based on identified intermediates/degradation by-products 54 , there was proposed a possible alternative for the CP degradation pathway under UV-Vis/silica microfiber decorated nano-TiO 2 assisted photocatalysis -Supplementary Material Figure S.10 .
The photodegradation pathway supposes a direct action on CP. The following processes Eqs. (II) to (XI) for the photo mechanism could apply 55 : Based on the surface characteristics and the proposed photochemical reaction sequence, in Figure 8 is presented the speciation at the surface of the silica microfibers decorated with nanotitania.
Conclusions
The affordability and the relatively constant physical characteristics: dimensions, and shape, recommend the usage of quartz optic fibers for various applications. The microfibers used in this study had a diameter of 12-15 µm and a maximum length of 100 µm. After their activation in alcoholic -potassium alcoholate solution, the microfibers can be adherently decorated with in situ generated titanium dioxide applying the sol-gel method using the titanates of their corresponding alcohols. The quartz microfibers decorated with titanium dioxide have been morphologically and structurally characterized (SEM, XPS, UV-DRS, XRD, EDX, ξ-potential, BET, and TGA). Zeta potential allowed the study of material stability. Nanotitania coating of the quartz microfibers leads to IEP = 2.6 mV, resulting in improved electrophoretic mobility. The value of zeta potential, 22 mV, indicates a stable suspension of the coated quartz nanofibers. Due to the nanotitania coating, the specific surface area was 108 m 2 /g. The XPS analysis put in evidence the formation of the Ti-O-Si bond and the existence of hydroxyl groups as well as oxygen vacancies on the composite material surface. The decoration of silica microfibers with nanotitania lowered the band gap to 3.37 eV, thus presenting improved characteristics for photochemical reactions.
The quartz microfibers decorated with titanium dioxide have been preliminarily tested in the photo-oxidation process of cyclophosphamide with promising results regarding the efficiency and affordability of the new catalyst composite.
Due to the thin limit between the toxic effect and the targeted efficacy of the cyclophosphamide, and the recorded presence in wastewaters of its toxic metabolites, essential efforts are oriented towards developing new efficient methods to neutralize their toxicity. The new proposed material proved its efficiency for the cyclophosphamide's photo-oxidation. After 30 min of irradiation, 41.5% cyclophosphamide degraded under UV/silica microfiber decorated with TiO 2 . The Langmuir -Hinshelwood model accurately describes the photo-oxidation reaction. Also, the kinetic data of the photocatalytic process highlighted that the proposed material is a viable solution for advanced photo-oxidation of the chemotherapeutic drug, cyclophosphamide.
Thus, we proved that it is possible to give a superior usage to a valuable waste material -silica microfibers from optical fibers manufacturing industry. The new composite obtained offers an efficient and cheap method for neutralizing the effects of toxic pharmaceutical micropollutants from the wastewaters.
Materials and Methods
All chemicals used, namely: methyl, ethyl, propyl, and t-butyl alcohol, methoxide, ethoxide, propoxide, and potassium t-butoxide, titanium (IV) methoxide, titanium (IV) ethoxide, titanium (IV) propoxide, tetraethyl orthotitanate, and tetrabutyl titanate were from Sigma Aldrich (Merck KGaA, Darmstadt, Germany). The silica microfibers were provided as waste from the processing of the optical glass fibers (Lanxess NV, Belgium). Ultrapure water was used (Millipore, Merck KGaA, Darmstadt, Germany).
For photocatalytic experiments N, N-bis(2-chloroethyl)-1,3,2-oxaza phosphinan-2-amine 2-oxide (cyclophosphamide-CP) (Sigma Aldrich -Merck KGaA, Darmstadt, Germany) and titanium dioxide (Degussa P25/Aeroxide TiO 2 P25 -Merck KGaA, Darmstadt, Germany), trifluoroacetic anhydride, sodium chloride and toluene, all from Sigma Aldrich (Merck KGaA, Darmstadt, Germany) have been used.
A Sartorius installation (Sartorius Lab Instruments GmbH&Co, KG., Gottingen, Germany) facilitated the microfiltration of the mixtures obtained by the help of an ultrasonic bath (Elmasonic S10 H, Elma Schmidbauer GmbH, Singen, Germany). The structural investigations, SEM, and elemental analysis, EDX, have been performed on the FE-SEM Hitachi S4500 system (Hitachi High-Technologies Europe GmbH, Krefeld, Germany). The analysis performed on a Netzsch Thermal Analyzer (NETZSCH-Gerätebau GmbH, Selb, Germany) allowed the thermal stability characterization. The structural analysis by X rays diffraction, XRD, has been performed on an equipment Rigaku Ultima IV X-Ray Diffractometer (Rigaku Europe SE, Neu-Isenburg, Germany) using the Cu K α radiation, λ = 1.5406 Å.
Taking into account the specific procedure proposed for nanotitania grafting onto silica microfibers, it is of interest to determine the dimensions of the crystalline nanoparticles. The average size (nm) of nano TiO 2 crystallites (D) was estimated through the known Scherrer equation 56 applied for spherical nanoparticle with a cubic lattice, according to Eq. (3):
where λ = 0.15406 nm is the X-ray wavelength of the incident radiation, β stands for the full width at half maximum expressed in radians ( (deg )
, θ is the angle between the diffracted and incident beams (Bragg's angle of diffraction), considering the Scherrer constant 0.94 that is specific for spherical particles with cubic symmetry 57 .
The ratio of rutile and anatase phase in the grafted nanotitania was evaluated by the help of Spurr-Meyers relationship 58 where the considered maximum intensities I A for anatase (corresponding to hkl = (101), where h, k, and l represent the Miller indices) and I R for rutile phase (for hkl = (110)), corresponding to the diffraction angles of 12.63° for anatase maximum peak and 13.71° for rutile, respectively. Zeta potentials and iso-electric point (IEP) values were determined using Zetasizer UltraPro (Malveren Pananalytical Instruments Ltd., Malveren, UK). It was used electrophoretic light scattering (ELS) for determining the ξ-potentials. For hydrodynamic particle size, it was applied the dynamic light scattering (DLS) technique.
The X-ray photoelectron spectroscopy (XPS) analysis performed in order to study the TiO 2 grafting onto the silica microfibers surface provided data related to the interactions between the active nano oxide and the supporting silica oxide, and the surface oxygen species. The XPS measurements were run on PHOIBOS 150 ID-DLD system (SPECS Surface Nano Analysis GmbH, Germany) with a monochromatic aluminum anode X-ray source with the energy of 1486.71 eV, K α radiation, as the excitation source. The fixed analyzer transmission mode was applied. For peaks fitting, the SpecsLab Prodigy Version 4.43.2-r73078 (SPECS Surface Nano Analysis GmbH, Germany) was used.
In order to obtain information regarding the optical properties of the obtained SiO 2 microfiber grafter with TiO 2, there were recorded the reflectance diffusion spectra UV-Vis (UV/DRS), which were obtained using a UV-Vis JASCO V-560 spectrometer (JASCO GmbH, Deutschland) equipped with a diffuse reflectance accessory. From the recorded DRS spectra could be calculated the energy of the band gap, thus assessing the capacity to absorb the UV radiation. The following equation gave the band gap energy Eq. (6):
where h is Plank constant -6.63 ⋅ 10 −34 J ⋅ s, c is 3 ⋅ 10 8 m ⋅ s −1 , λ represents the minimum wavelength (cut-off value). The analysis was run on the material obtained, and for comparison, it was performed the UV/DRS on silica microfiber and nanotitania Degussa P25 as reference.
The electronic characteristics of the synthesized material were analyzed through the Kubelka-Munk remission function 1 as follows Eq. (7):
where K depends on the incident radiation energy, D represents the dispersion factor, R% is the diffused reflectance at a particular wavelength normalized to 100. Then Eq. (8):
bg n where C stands for a material constant, E is the energy of the incident radiation, E bg represents the band gap, and n takes different values based on the electronic transition type, namely n = 1/2 or 2 for permitted direct and indirect transition, respectively. Thus Eq. (9):
bg n and Eq. (10)
Considering the situation for direct transition, the relationship (9) becomes Eq. (11):
Representing the variation of F R h ( ( ) ) 2 ν ⋅ versus E(eV) for the direct electronic transition, it could be calculated the band gap value.
The BET surface areas of the synthesized material were determined by the help of N 2 adsorption-desorption isotherms measured at 77 K using an ASAP 2020 Plus apparatus (Micromeritics Instruments, USA). N 2 adsorption/desorption isotherms allowed the assessment of the specific surface area, pore size distributions, and isotherms for the prepared silica microfiber decorated with nano-titania. The Brunauer-Emmett-Teller (BET) procedure was applied to determine the specific surface area, using the adsorption data in the relative pressure (P/P0) range of 0.05-0.10. The desorption isotherms allowed the calculation of the pore size distribution.
The photocatalytic experiments were designed and run on a Heraeus type UV reactor equipped with a TQ-150-Z3 (λ = 320-550 nm) mercury lamp (from Heraeus Noblelight GmbH, Hanau, Germany). Agilent 7890 A gas chromatograph (Agilent Technologies Inc., Wilmington, USA) having a column with 5% diphenyl/95% dimethyl-polysiloxane stationary phase allowed to determine the CP's concentration.
Procedure for preparing quartz fibers decorated with TiO 2 . Figure S.11 . from Supplementary Material introduces the applied method for preparing the silica fibers decorated with TiO 2 59 . The experiments were developed using a three-necked flask (250 cm 3 ) fitted with a reflux refrigerant. The experimental set-up was accommodated to a mechanical stirrer. 150 cm 3 of the considered alcohol is added and then stirred with 0.054 moles of silica fibers powder until the transparency of the quartz microfibers occurs. At this particular moment, we introduced 0.054 moles of potassium alcoholate. The activation of the fibers' surface is achieved during a half an hour refluxing process of the obtained mixture under continuous stir and heat. The heating stopped after the refluxing is over, but the stirring continued for another four hours. The reaction slurry was filtered on a Sartorius microfiltration system, and the excess of potassium alkoxide was removed by repeated washing with the alcohol considered. In parallel, into a 100 cm 3 conical flask with a plunger stopper, 50 cm 3 of the considered alcohol and 0.054 mol of titanium tetraalkoxide are ultrasonicated for one hour till the mixture is homogeneous.
As presented in Supplementary Material, Figure S.11 , a quantity of 0.010 moles of activated silica microfiber is added, and the complex mixture homogenization is continued for three hours, to suspend the fibers and to complete the TiO 2 gelling reaction onto their surface. A Sartorius microfiltration installation allowed the reaction mixture separation. The obtained silica microfiber decorated with titanium dioxide microparticles nanostructured was subsequently fully characterized.
Procedure for cyclophosphamide photo-oxidation. Photocatalytic experiments were performed using a Heraeus type UV reactor equipped with a TQ-150-Z3 (λ = 320-550 nm) mercury lamp. Before irradiation, samples were bubbled with air (50 L/h) in the dark for 30 minutes to avoid holes -electrons recombination.
The following reagents were used in photocatalytic experiments: cyclophosphamide (CP) (Sigma Aldrich), titanium dioxide (Degussa P25), and the synthesized silica microfibers decorated with titanium oxide nanostructured microparticles.
Analytical methods. CP concentration was measured using an Agilent 7890 A gas chromatograph coupled with an Agilent 240 Ion Trap Mass Detector (GC-MS). As cyclophosphamide has low volatility, derivatization with trifluoroacetic anhydride was employed, forming N-tri fluoroacetyl-cyclophosphamide. Samples from 10 to 400 mL of aqueous samples were treated with sodium chloride (0.1 g NaCl/mL of the sample) at pH 10 buffer (0.5 mL buffer/mL of the sample) and then extracted with toluene. 1 mL extract was transferred in 2 mL GC vial and treated with 20 μL of trifluoroacetic anhydride for derivatization. After sealing and vigorously shaking, vials were heated at 70 °C for 2 h. Subsequently to derivatization, 2 µL of toluene solution was analyzed by GC-MS. A column with 5% diphenyl/95% dimethyl-polysiloxane stationary phase (30 m, 0.25 mm ID, 0.25 μm film) was used for separation of trifluoroacetylated derivatives (RT: 9.88 min for IF derivative and RT:10.38 min for CF derivative). The experiments have been performed under specific working conditions for GC and mass detector, as follows: (a) GC conditions: splitless injection with injector temperature 250 °C, flow rate: 1 mL/min; carrier gas: helium 6.0; temperature ramp employed: 70 °C (1 min), 20 °C/min to 280, hold 2. Ethical statement. This work does not contain studies with human participants or animals performed by any of the authors.
